The mechanical and thermal properties of Y 4 Al 2 O 9 were predicted using a combination of first-principles and chemical bond theory (CBT) calculations. Density functional theory (DFT) computations were performed for the structural, mechanical, and thermal properties, and the results were confirmed by chemical bond theory. Based on the calculated equilibrium crystal structure, heterogeneous bonding nature has been revealed, i.e., Al-O bonds are stronger than Y-O bonds. Low second-order elastic constants c 44 , c 55 , and c 66 demonstrate the low shear deformation resistance. Low G/B ratio suggests that Y 4 Al 2 O 9 is a damage tolerant ceramic. Y 4 Al 2 O 9 shows anisotropy in elastic behavior based on the discussion of direction dependence of Young's modulus. The hardness is predicted to be 10.2 GPa from calculated elastic moduli. The thermal expansion coefficient (TEC) calculated by chemical bond theory is 7.51×10 6 K
Introduction
Yttria-stabilized zirconia (YSZ) is a widely used thermal barrier coating on turbine blades in gas-turbine engines to increase the operating temperature and the efficiency and power of the engines [1] . However, the instability of metastable tetragonal-prime structure due to the decomposition into a mixture of tetragonal and cubic zirconia limits the application of YSZ at higher operating temperatures [2] . Thus, searching for new thermal barrier coating (TBC) materials with low thermal conductivity, low density, low oxygen diffusivity, good high temperature stability, and ability to tailor mechanical damage is of virtual importance and has been the task of many investigations [3, 4] .
Recent works have demonstrated that yttrium aluminates are promising candidates for TBCs due to their superior high temperature stability, and mechanical and thermal properties [5, 6] . At high temperatures, yttrium aluminum garnet (i.e., Y 3 Al 5 O 12 , YAG) is stable with Al 2 O 3 [5] , which is the thermally grown oxide formed on Ni-based superalloys. Low thermal conductivity of YAG has been confirmed by Zhan et al. [7] very recently. Besides YAG, Y 4 Al 2 O 9 (YAM) is also a stable compound in the Y-Al-O  system [8] . The melting point of YAM is 2020 ℃, which is higher than that of YAG (1940 ℃). In addition, YAM has a low density of 4.44 g/cm 3 , a relative low Young's modulus of 190 GPa, and a low minimum thermal conductivity of 1.10 W·m 1 ·K 1 [7] . The unique combination of these properties makes YAM a promising TBC material for high temperature applications.
In our previous work, the minimum thermal conductivity of YAM was predicted and low thermal conductivity was experimentally confirmed [7] . The second-order elastic constants and the bulk modulus, shear modulus, and Young's modulus were also calculated [7] . Low thermal conductivity and high temperature stability were also confirmed by Zhou et al. [9] very recently. In addition, the point defects formation mechanism in YAM was investigated by Li et al. [10] . However, systematic investigation on the mechanical and thermal properties of YAM is still lacking. Clear understanding of mechanical and thermal properties and correlation of these properties to the structure of YAM can provide valuable insights for the development of TBCs and advance the applications of YAM as high temperature structural component and TBCs.
In this contribution, the structure, mechanical, and thermal properties of YAM were investigated from a combination of first-principles calculations and an empirical method based on chemical bond theory. The equilibrium crystal structure, second-order elastic coefficients, bulk modulus, shear modulus, Young's modulus, and Poisson's ratio were calculated by first-principles calculations. Then, the theoretical minimum thermal conductivity was estimated from modified Clarke's model [11, 12] , and the dependence of thermal conductivity of Y 4 Al 2 O 9 on temperature was predicted from Slack's model [13] . To valid the theoretical calculation, bulk modulus of YAM was also estimated using chemical bond theory. Then the average linear thermal expansion coefficient (TEC) was obtained using this empirical method.
Computation methods

1 First-principles calculations
The first-principles calculations based on the density functional theory (DFT) were performed using the Cambridge Serial Total Energy Package (CASTEP) code [14] , wherein the Vanderbilt-type ultrasoft pseudopotential [15] was employed. The electronic exchange-correlation energy was treated under the local density approximation (LDA) [16] . The plane-wave basis set cut-off energy was fixed at 450 eV. The special points sampling integration over Brillouin zone was realized by using the Monkhorst-Pack method with special k-points meshes of 4 × 2 × 2 [17] .
To get the equilibrium crystal structure, the lattice parameters and internal atomic coordinates were independently modified. The free enthalpy, interatomic forces, and stresses of the unit cell were minimized under the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization scheme [18] . The tolerances for geometrical optimization were: differences for total energy within 5×10
6 eV/atom, maximum ionic
Hellmann-Feynman force within 0.01 eV/Å, maximum ionic displacement within 5×10 4 Å, and maximum stress within 0.02 GPa.
The theoretical elastic coefficients were determined from the first-principles strain-stress relationships' method implemented by Milman and Warren [19] . The criteria for convergence of optimization on atomic internal freedoms were selected as differences in the total energy within 1×10
6 eV/atom, Hellmann-Feynman force within 0.002 eV/Å, and maximum ionic displacement within 1×10 4 Å. The compliance tensor S was calculated as the inverse of the stiffness matrix, S = C 1 . The bulk modulus B and shear modulus G were calculated from the compliance tensor based on Voigt-Reuss-Hill approximation [20] [21] [22] 
where h is the Plank's constant; B k is the Boltzmann's constant; n is the number of atoms in the molecular formula; A N is the Avogadro's number; d is the theoretical density; and M is the molecular weight.
2 Chemical bond theory
Developed by Phillips and Van Vechten [31] , Van Vechten [32] , Levine [33] , and Xue and Zhang [34] , complex chemical bond theory (CBT) provides a simple but efficient approach to study the characteristic of chemical bonds in complex materials, and predicts related physical properties of a crystal from the viewpoint of bonding. The implementation of this theory relies on the decomposition of complex crystal into a linear combination of subformula of various binary crystals [34] . For a given chemical formula of a complex crystal, CBT provides an efficient way to decompose it into the following simple subformulas [34] : ) decomposed according to CBT, the total lattice energy U  can be separated into the ionic part ( i U  ) and the covalent part ( c U  ) , which can, respectively, be expressed as [35] :
1.64
where g E  is the average energy band gap and is composed of homopolar ( h E  ) and heteropolar ( C  ) parts. These two parts of energy can be estimated by [33] : which is an essential parameter in estimating the bulk modulus and linear thermal expansion coefficient of a binary crystal, is defined as [36] :  of a certain type of binary crystals can be calculated on the basis of lattice energy density [36] :
where   is a constant;   is a proportion factor depending on the average valence and average coordination number of subformula m n A B . The bulk modulus of the complex crystals is expressed as [37] : The linear thermal expansion coefficient (TEC) of a complex crystal is closely related to the lattice energy and can be estimated by the following equations [38] :
3.1685 0.8376
where parameter   is a correction parameter from the analysis of experimental results, which depends on the position of cation in the periodic The calculated lattice parameters of Y 4 Al 2 O 9 using DFT are listed in Table 1 , together with the previously reported experimental data [39] for comparison. As shown in Table 1 , the calculated lattice parameters are very close to the theoretical ones calculated by Zhan et al. [7] , but are smaller than the experimental data [39] . The smaller geometry optimized lattice constants can be understood from the following two aspects. First, the experimental data were obtained using high temperature neutron diffraction at 1791 K and the lattice constants are much larger than both the room temperature and ground state data due to the thermal expansion. Second, relatively low optimized lattice constants are common for most of LDA approximation. The optimized atomic positions of Al, Y, and O atoms are quite consistent to the experimental reported ones. Good coincidence between the theoretical and the experimental results ensures the reliability of our calculations.
The Mulliken analysis on Y-O and Al-O bonds of Y 4 Al 2 O 9 was also conducted by DFT calculations, and the data are listed in Table 2 . The Mulliken populations of Al-O bonds are higher than that of Y-O bonds, indicating higher level of covalency of Al-O bonds. Table 3 , where the bond lengths used in the calculations are from the experiment data [39] , and Y(4) atoms are coordinated with seven O atoms. These structural features play an essential role in the elastic and thermal properties of this material, which will be discussed in the following sections. 
2 Elastic properties
To disclose the mechanical properties of Y 4 Al 2 O 9 , the full sets of independent second-order elastic constants are calculated first. The calculated elastic constants are listed in Table 4 . Among all constants, c 11 The calculated elastic constants are used to estimate the mechanical properties, i.e., bulk and shear moduli, Poisson's ratio, and Young's modulus, according to Voigt-Reuss-Hill approximation [20] [21] [22] . The calculated mechanical properties are also tabulated in Table 4 . To verify the first-principles calculation, the bulk modulus of Y 4 Al 2 O 9 was also estimated using chemical bond theory. The calculated results are listed in Table 5 . It is obvious that the bulk moduli for Al-O bonds (from 1145 to 1730 GPa) are enormously larger than those of Y-O bonds (from 118 to 303 GPa), showing less compressibility of Al-O bonds. The bulk modulus for polycrystalline Y 4 Al 2 O 9 is estimated to be 118 GPa, which is lower than the value (132 GPa) calculated by first-principles. The main reason for the low bulk modulus estimated from the chemical bond theory is that large experimental lattice constants from high temperature neutron diffraction [39] were used. If small lattice constants were used, the estimated bulk modulus should be close to the first-principles calculated value.
Shear modulus G describes the resistance of a material against a shape change. As shown in Table 4 The intrinsic hardness of a material is a highly complex property, which is difficult to describe with a formal theoretical definition. Chen et al. [42] proposed an empirical model, which is not only correlated with shear modulus G, but also with bulk modulus B. In their model, the Vickers hardness is estimated by the following formula:
where k is the Pugh's modulus ratio, i.e., G/B. The Vickers hardness of Y 4 Al 2 O 9 is estimated to be 10.2 GPa, which is close to the experimental measured value of 11.02 GPa [43] . O 9 , the projection of atoms on (010) and (100) planes are shown in Fig.  1(b) and Fig. 1(c) , respectively. From Fig. 1(b) , one can see that corner-shared AlO 4 tetrahedra align almost parallel to x direction. Since the bonding in AlO 4 tetrahedron is much stronger than the Y-O polyhedra (Table 2, Table 3, and Table 5 ), the Young's modulus in x direction is much higher than those in y and z directions. To obtain a clear and complete representation of the elastic anisotropy of Y 4 Al 2 O 9 , the variation of Young's modulus as a function of crystal orientation is necessary. The direction dependence of Young's modulus, E, for Y 4 Al 2 O 9 is given by the following equation [44] :
where s ij is the elastic compliance; l 1 , l 2 , and l 3 are the directional cosines of angles with the three principle directions, respectively. The surface contour of the Young's modulus of Y 4 Al 2 O 9 is shown in Fig. 2(a) , and the planar projection of Young's modulus for (100), (010), and (001) crystallographic planes are shown in Fig. 2(b (010) plane is much stronger than that on the (100) and (001) planes. The maximum Young's modulus is 210 GPa, which is parallel to the direction of corner-shared AlO 4 tetrahedra; while the minimum Young's modulus is 170 GPa, parallel to [ 0 11 ] direction. The highand low-directions correspond to the high-and low-fracture-energy directions. Figure 2 shows the anisotropy of the elastic properties of Y 4 Al 2 O 9 and it is also an indication of the expected low-and high-fracture-energy directions in the crystal. With this information, the most important directions for mechanical property measurements and applications can be evaluated.
3 Thermal properties
Thermal expansion coefficient (TEC), resulted from the anharmonic vibration of the lattice at a finite temperature, is a fundamental parameter characterizing a material. Theoretical evaluation on TEC is quite a challenge for material scientists. Several approaches including quasi-harmonic approximation (QHA) [45] , molecular dynamics (MD) [46] , and chemical bond theory [37] [43] , which is quite close to the theoretical one, demonstrating the reliability of the theoretical result. The behavior of thermal transportation at different temperature ranges is an important factor that needs to be considered when selecting an applicable TBC. As shown in Eqs. (3) and (5) Table 6 . At relatively high temperatures, the dominant mechanism of phonon scattering, which determines the intrinsic lattice thermal conductivity of a material, is the Umklapp processes, in which the acoustic phonon branches interact with each other to transport heat. Slack's model (i.e., Eq. (3)) [8] is a suitable approach to describe the temperature dependence of thermal conductivity when the Umklapp scattering is dominant. The temperature dependence of thermal conductivity of Y 4 Al 2 O 9 estimated from Slack's model is shown in Fig. 3 . The thermal conductivity of Y 4 Al 2 O 9 decreases with temperature. With the further increase in temperature, the thermal conductivity would approach [29] . The low thermal conductivity of these oxides can be traced back to their structural characteristics. The origin of such low thermal conductivity is mainly attributed from the heterogeneous bond strength. Rigid units like SiO 4 , PO 4 , and AlO 4 are efficient in phonon transport, while weakly bonded unit like YbO 6 intensifies the scattering of phonon. In Y 4 Al 2 O 9 , the softer Y-O polyhedra are equivalent to the thermal rattle structures, and provide "weak zones" that scatter phonons and reduce phonon mean-free path. In addition, as suggested by Clarke [11] , the strongest influence on the minimum thermal conductivity is the ratio of the atomic weight to the number of atoms per molecule, i.e., mean atomic weight M/n in Eq. (5 
